3D printing in 1801: Introduction to a paradox machine
The first digital 3D printer in history was demonstrated as early as 1801. Once programmed, "layer by layer" (Koc and Gurusamy, 2008, p. 151) , it assembled a particular raw material into a 3-dimensional object, which appears 2-dimensional only if we observe it from the wrong angle. Aside from such 1-dimensional views of cloth, in general, and double cloth, in particular, the fruits of the Jacquard loom add the necessary depth to a fructuous discussion on 3D printing. In looking at more contemporary definitions of 3D printing (Birtchnell and Urry, 2013; Lipson and Kurman, 2013; Rayna and Striukova, 2014b; Taufik and Jain, 2013), Jacquard weaving effectively represents an early application of the technology: The process is additive, the output is 3-dimensional, and the corresponding machine is automatically controlled by the Jacquard head, which is likely the first binary information processor (Marculescu et al., 2003; Park and Jayaraman, 2001 ) in history. Jacquard looms are still used for 3D printing today (Mouritz et al., 1999) , while the Jacquard head and the punch cards containing the weaving patterns are rightly considered early forms of computation hardware and software (Essinger, 2004; Fernaeus et al., 2012; Goldstine, 1972; Goldstine, 1977; Manovich, 2001 ).
Computer-controlled 3D printing can hence be traced back to the early days of the industrial revolution, the dawn of another phase of which the technology is observed to herald these days (Berman, 2012; Anderson, 2012; Rifkin, 2011) . Nothing more natural to sociology than reloading the social question now, and political or political economic sociology may indeed find good reasons to engage in anticipations of digital Weaver's Revolts. To economic sociology, however, the already quite long history of 3D printing rather gives reason to 3 wonder why a technology, which had proofed feasible and viable as early as in the 19 th century, has (only) recently been rediscovered as key to yet another industrial revolution. The initial question that motivated the present article is hence why the widespread, radical, and probably disruptive technological innovation of 3D printing has been observed as only incremental innovation for so long time. In answering this question, we start from the assumption that this incrementalized observation of the possible key technology of the next industrial revolution occurred due to circumstances that complicated and complexed the observation. 3D printing is indeed particularly hard to observe, first because it represents a technology bundle rather than a distinct technology. Second, this bundle involves computers, the observation of which was hardly possible two hundred years ago and still is challenging these days. Third, the apparently manifest novelty in 3D printing is in the fact that the peripheral does not print on the medium, but rather prints the medium, which emerges as form.
By the observation of the latter paradox at the latest, we realize that the observation of 3D printing is very much about the observation of paradoxes, which is something most people are neither enthusiastic about nor trained in. Then linchpin to the diffusion of the technology (Rogers, 2003) as well as the corresponding competitive advantages (Gerhard et al., 2012 ) and business models (Rayna and Striukova, 2014b ) is hence the strategic deparadoxification of 3D printing. The present article pursues this mission by making things worse at first: In fact, our theory statement starts from the idea that the only form in which a paradox can be solved in is a bigger paradox. This paradox is then unfolded in the form of a form-theoretical theory statement on the inherently paradox nature of observation, subsequent to which we will find it intriguing to observe 3D printing as both form and medium. In doing so, we will show that suppliers of 3D printing solutions currently try to sell 3D printing as form, whereas demanders observe 3D printing as medium. In focussing the latter side of the distinction, we finally suggest that the key to successful business models will be in solutions that relate observations of the technological multifunctionality of 3D printing to a social multifunctionality lens (Roth, 2014c; Roth, 2015a 
Forms and media: A recoding of the observation paradox
The following theory statement is also a methodology statement insofar as we reject the categorical separation of theory and method. True to Norbert Elias (1978) , theories also act as methodologies whenever they apply their own distinctions to themselves, thus indicating how their observations appear and can be made to reappear. The quality of such theory-methods is therefore not measured against the number of problems they integrate or solve, but rather gauged against the scale and scope of scientific problems they allow to generate (Merton, 1959) . As paradoxes are notorious for their problem generating capacity themselves, the systematic observation of paradoxes necessitates a theory-method that is able to generate problems large enough to act as solution in which we can dissolve the paradox. Such a theory-method is present in the form of form theory.
Descriptions of form theory often start from the imagination of an unmarked space (Spencer Brown, 1979; Luhmann, 1993; Luhmann, 1995) , in which systems appear as differences that make a difference (Bateson, 1972) . Like a blank sheet of paper becomes the present article (and not a love letter) only after the first lines have been drawn, it is the distinctions drawn (Spencer Brown, 1979 ) that create the world in which they exist. The observation of any form thus implies the emergence of the corresponding medium, the latter of which, however, remains inaccessible to its own observation: "the operation of observing (…) includes the exclusion of the unobservable, including, moreover, the unobservable par excellence, observation itself, the observer-in-operation" (Luhmann, 1995, p. 44) . This is true because indication is only possible based on a distinction of distinction and indication (Kauffman, 1987, p. 58) . Distinctions are drawn in order to indicate one -and not the otherside of the distinction and therefore have to be distinguished from the distinguished. As this paradox applies to all forms of observation, including the observation of mathematical, biological, linguistic or social forms (Spencer Brown, 1979, p. xxix f.), we are left with the paradox observation that observation is an inherently paradox operation: A duality is concurrently unfolded and indicated as a unity. Consequently, we may say that a paradox is 5 observed whenever an observation points at the observation itself.
Once we have accepted this surely not too shocking insight, we find that every paradox can be solved by means of a new form of observation, i.e., by moving from one paradox to another. The appeal of a scientific observation of paradoxes is therefore not in their resolution, but rather in finding strategies to "navigate the perceived tension" (Sharma and Good, 2013, p. 97), with the smartest strategy being the observation and resolution of paradoxes by means of other paradoxes.
The best way to encounter paradoxes is hence to engage in the paradox of deparadoxification, three major forms of which have recently been identified (Andersen, 2003) : The first form is factual deparadoxification. In observing a form, we both distinguish "this" from "that" and focus on the this-side of the this-and-that. If we are still interested in observing the this-and-that-form as a whole, then our observation will cross from the this-side to the that-side of the form. This crossing, however, calls for time. In involving time, we can solve the factual both-and-problem at the cost of a temporal paradox. We are now finding both that every form of observation is both sides of/and the distinction at the same time and that every form of observation can only be realised in terms of a sequential crossing from one indicated side of the distinction to another. In this second form of observation, observation thus appears as the paradox of the simultaneity of the sequential. At a third level of observation, we finally find that different sequences of observations will result in different information on what is actually present only simultaneously. In other words, we find that different social observers are constituted as different sequences of observational operations and therefore create the world not as a single universe, but rather as a multiverse of observations.
The deparadoxification strategy pursued in the present article combines the first and the second of the above forms of deparadoxification, thus creating the third. The observer designed by this manoeuver is the simple observation program represented in Table 1 . ) In order to deparadoxify the concepts form, code, and medium, we propose to define:
1) The code as the observation of a form without medium
2) The medium as the observation of a form without code
3) The form as the paradox of the concurrent observation of both code and medium.
If we connive at the fact that code and medium become forms as soon as we indicate them, then our deparadoxification tool will proof helpful as soon as we navigate the paradox technology 3D printing.
Borderline experience: 3D printing as almost tangible co-evolution of form and medium
As aforementioned, 3D printing in the Jacquard era already followed the same principles as contemporary 3D printing still does today: The original 3D model was recoded as computer program. The information processor unit read the software on the punch cards, which was eventually executed by the loom. The Jacquard loom hence appears as a well-oiled machine as long as we please to observe it as one machine. The point in Jacquard weaving, however, is that the Jacquard head was not an integral part of the so-called Jacquard loom, but rather represented a critical hardware update to certain types of traditional looms, which turned into Jacquard looms once the update was complete. What is more, Jacquard is not reported to have invented any of the technologies involved and may rather take the credit for being the first to incorporate a small series of yet existing technologies into a viable business model (Stonier, 7 1992 ; Koetsier, 2001; Randell, 1994) . In focusing the Jacquard head in the middle of the well-selling technology bundle, we find that this piece of early computing hardware is neither a machine nor a medium because it is both a machine and a medium (that acts, e.g., as
human-machine interface). If we further recall that all elements of the above technology bundle are or can be computerized these days, then we find that the entire process of Jacquard weaving or 3D printing, respectively, is neither a compact form nor an elusive medium because it can be observed as both form and medium.
The distinction of form and medium remains nonetheless, or hence, crucial to our understanding of both computers and 3D printing. In fact, computers appear as fundamentally different things depending on whether we observe them as machines (forms) or as media, respectively. If we observe computers as machines, then we are interested in how computers transform inputs into outputs. From this perspective, we find that computers as much as any other machines are useless if they do not perform transformations. If we observe computers as media, however, the opposite is true: Now we expect that the output be as similar to the input as any possible. The ideal medium channels information without any interference, and transformations of the original form appear as deformations now. The computer is thus indeed a proper paradox in terms of an observation that refers back to itself. In the same way, 3D printing can be observed as paradoxical form not only because it is largely computerized these days, but also because it undermines the old-familiar deparadoxification strategies we use in the observation of 2D printing. In looking at letterpress printing, for example, we find it easy to distinguish form from medium as long as we are comfortable with observing how different forms of letters are pressed on a paper medium. 1 3D printing, however, breaks with this viewing habit insofar as it recalls the above-mentioned idea that it is the distinctions drawn that make the medium. A 3D printer does clearly not print on but rather prints the medium, thus transforming it into a large variety of desired forms, 2 while another look at the 1 Yet, even 2D printing can sometimes appear paradoxical if we observe that a traditional letterpress is both a machine (form) that transforms ink and paper to book pages and, in doing so, serves as dissemination medium. 2 Not to forget that 3D printing normally involves the creation of computer aided designs, i.e., a process in which the computer is not only as a "medium for the production" of truthful master copies of so-called real-life objects, but also for the design of forms that did before not exist outside of the computer context. 8 output-side allows again for an almost tangible sensation of the co-evolution of form and medium. It is consequently safe to call 3D printing a paradoxical technology and to assume that corresponding business models are well advised to take into consideration the respective paradoxes. In the subsequent section, we therefore propose to observe forms and functions of 3D printing that emerge if the technology interacts with the above developed deparadoxification tool. If we cross from the supplier to the buyer perspective, however, we find that we can confidently assume that buyers and users are not so much interested in how 3D printing machines work and rather want to know how they can use 3D printing as a medium in which to realize their needs and desires. The best media, however, are the most unobtrusive, discrete, almost unobservable forms (Heider, 1959; Luhmann, 1995) . The tension between technology-focused ballyhooing and a customer needs-focused perspective on 3D printing is therefore quite fundamental.
If we furthermore agree that the ideal case of 3D printing is a machine-medium that smoothly turns any material into any form, then the marketing of 3D printing definitely appears as a veritably paradoxical challenge: A machine-focused marketing of 3D printing needs to obtrude the observation of its unobtrusiveness. And a medium-oriented marketing has to find solutions of how to sell highly specific use-cases without corrupting the technology's unique selling proposition, which is in its universality. In this context, particularly explorative approaches to innovation such as experimentation (Petrick and Simpson , 
The transparent machine: Toward the golden moments of 3D printing
Even though it remains likely that suppliers will, for the time being, base their differentiation strategies on a machine-focused benchmarking of 3D printers, the downside of this approach is clearly in the circumstance that such a differentiation strategy leads to the disenchantment of the technology. Thus, they risk subverting one of the technology's most valuable selling propositions, which is in the almost magical observation of the fascinatingly paradoxical coevolution of form and medium. We hence suggest to strategically focus rather than problematize or manage out of sight the paradox(es) of 3D printing, with this approach becoming all the more important as we are currently observing the emergence of 4D printing To tap the full -not least economic -potential of 3D printing, suppliers are therefore advised to sell the process of 3D printing rather than the 3D printers. As the golden moment enabled by the technology effectively is in the paradox observation of the co-creation of form and medium, the most important outcome of our form-theoretical observation of 3D printing is clearly that we recommend stage-managing the moment of form-genesis, the observation of which eventually is the unique selling proposition of the technology.
This change of perspective on the 3D printing technology in general and 3D printers in particular certainly implies a narcissistic shock for both the engineers and the businesspeople involved in the design and the commercialization of the product. If the focus is shifted to the moment of form-genesis, then this means that whatever is observed as the machine, i.e., the pride of engineers or product managers, has to be faded into the background of our attention
in order to open up the space and occasion for the above golden moments to happen. In concrete terms, this means that the ideal 3D printer is not the kind of black boxes available on the market today, but rather an invisible or at least transparent machine. In the same way, it means that such a discreet, unobtrusive, and inconspicuous machine must not come along with a traditional (price) label anymore, the observation of which would already corrupt the observation of the golden moment.
As the key value proposition of the ideal 3D printer is the real-time satisfaction of the most specific needs, the key challenge of the corresponding business models will be in the 
